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Abstract
This work presents a new strategy for obtaining nanocellular materials with high anisotropy ratios by means of the addition of
needle-like nanoparticles. Nanocellular polymers are of great interest due to their outstanding properties, whereas anisotropic
structures allow the realization of improved thermal andmechanical properties in certain directions. Nanocomposites based on
poly(methylmethacrylate) (PMMA)withnanometric sepiolites aregeneratedbyextrusion. Fromtheextrudedfilaments, cellular
materials are produced using a two-step gas dissolution foaming method. The effect of adding various types and contents of
sepiolites is investigated. As a result of the extrusion process, the needle-like sepiolites are aligned in the machine direction
in the solid nanocomposites. Regarding the cellular materials, the addition of sepiolites allows one to obtain anisotropic
nanocellular polymers with cell sizes of 150 to 420nm and cell nucleation densities of 1013 –1014 nuclei cm−3 and presenting
anisotropy ratios ranging from 1.38 to 2.15, the extrusion direction being the direction of the anisotropy. To explain the
appearance of anisotropy, a mechanism based on cell coalescence is proposed and discussed. In addition, it is shown that it is
possible to control the anisotropy ratio of the PMMA/sepiolite nanocellular polymers by changing the amount ofwell-dispersed
sepiolites in the solid nanocomposites.
© 2019 Society of Chemical Industry
Supporting informationmay be found in the online version of this article.
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INTRODUCTION
Cellular polymers present a very interesting combination of prop-
erties that have promoted their widespread use in almost every
industrial sector, such as the automotive and aeronautical indus-
tries, renewable energies, construction, biotechnology, cushion-
ing andpackaging.1 The cellular polymermarket is, therefore, a rel-
evant economic sector, and it is estimated to reach $126.08 billion
by2022, at anannual growth rateof 5.86%.2 Due to the importance
of cellular polymers, there ismuch research focusing on producing
these materials with enhanced and novel properties. In particular,
one of the most promising research areas in this field is the study
of nanocellular polymers, that is, cellular polymerswith cell sizes in
the range of tens to hundreds of nanometres.3–5
The reduction of cell size to the nanometric range is known
to have an important effect on the performance of cellular
materials.6,7 For instance, it has been proved that nanocellular
polymers exhibit the so-called Knudsen effect, which results in
a marked decrease in the conductivity of the gas phase in these
materials.8–12 Also, it has been recently shown that nanocellular
materials can be semi-transparent,13,14 among other effects.6,15–18
Some of the most interesting properties of these materials, such
as the very low thermal conductivity or the transparent behaviour,
depend strongly on the density of the cellularmaterial and require
low-densitymaterials to reach their maximumpotential. However,
it is well established that the reduction of the density in cellu-
lar polymers implies a significant reduction of the mechanical
response, with normally a square dependency with density.19
One strategy to avoid this loss of properties is the production of
anisotropic cellular materials with improved mechanical perfor-
mance in the direction in which cells are oriented. In addition to
this, anisotropy can also be used to modify thermal conductivity
because both conduction through the solid phase and radiation
strongly depend on anisotropy.
Anisotropic cellular structures are characterized by cells elon-
gated in one direction. The cell anisotropy can be quantified
through the anisotropy ratio, which is defined as the ratio between
the maximum and the minimum length of the cell.20 It has been
extensively shown that the anisotropy of the cellular structure has
significant effects on the mechanical properties of cellular poly-
mers. Huber andGibson20 proposed a theoreticalmodel to predict
the improvement in properties such as Young’s modulus, plastic
collapse or fracture toughness, this model being validated using
polyurethane cellularmaterials. Moreover, for example, Andersons
et al.21 showed that the stiffness of low-density closed-cell cellu-
lar polyisocyanurate increased by a factor of 3 in the anisotropy
direction for anisotropy ratios of around 1.5. The thermal conduc-
tivity of cellular polymers is also a function of cells anisotropy;
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thermal conductivity is reduced when the cells are elongated in
a direction perpendicular to that of the heat flow.22–24 The con-
ductivity due to the solid phase is reduced due to the higher
solid-phase tortuosity of the cellular structure in the heat flow
direction (when cells are elongated in the direction perpendicu-
lar to that of the heat flow). In addition, the number of cell walls
to scatter radiation is also increased in the heat flow direction,
increasing the extinction coefficient and reducing the thermal
conductivity.
Cellular polymers usually present anisotropy ratios of around
1.3 or smaller,20 so specific production routesmust be designed to
obtain materials with higher anisotropy ratios. Most of the strate-
gies used to date to produce anisotropic cellular structures rely
on the selective growth of the cells in one direction. For instance,
the freeze-casting technique, which is well known to be useful for
producing anisotropic porous structures,25 was used successfully
to produce porous poly(vinyl alcohol)/sepiolite nanocompos-
ites with anisotropy ratios of 1.34 by Killeen and co-workers.26
The anisotropy observed was due to the growth of ice crystals
in a mould and increased by the addition of fibrous sepiolites.
In the work of Laguna-Gutierrez et al.,27 cellular polypropylene
with anisotropy ratios of around 3 was obtained via an improved
compression moulding technique, that forces cell growth in one
direction. Mould shape was used by Arora and co-workers28
to obtain polystyrene-based anisotropic cellular materials.
Oliveira-Salmazo et al.29 used a different approach to control the
anisotropy ratio (from 0.9 to 2.48) in natural rubber cellular sam-
ples by means of varying the dimensions of the solid precursors.
In the work of Bernardo et al.,30 cell anisotropy was also promoted
by the mould shape, but controlled by the process parame-
ters. This process allowed the realization of cellular high-density
polyethylene with very high anisotropy ratios, ranging from
2.95 to 3.75.
In the work reported here, a new strategy was developed to
obtain anisotropic structures in nanocellular materials. Instead
of inducing anisotropy via cellular growth, the anisotropy was
obtained solely because of the addition of needle-like particles
with a strong orientation in the solid material. Nanocomposites
of poly(methyl methacrylate) (PMMA) with nanometric sepiolites
were produced by extrusion and foamed using the gas dissolution
foaming method. As a result of the alignment of the particles
during the extrusion, the cells are elongated in the extrusion
direction. The strategy used to achieve highly anisotropic cells
is new, and also, as far as the authors know, this is the first
time that anisotropic nanocellular polymers have been produced.
These materials would have the potential to be very efficient
thermal insulators in the direction perpendicular to that of the
orientation of the cells and present significantly bettermechanical
performance in the anisotropy direction.
EXPERIMENTAL
Materials
PMMA (V825T; Mn = 43 kgmol−1, Mw = 83 kgmol−1) was kindly
supplied by ALTUGLAS® International in the form of pellets with
a density (𝜌) of 1.18 g cm−3 and a glass transition temperature of
114.5 ∘C as measured using DSC.
Sepiolites were kindly provided by Tolsa SA (Spain). The chemi-
cal formulation of these particles corresponds to hydratedmagne-
sium silicate (formula Si12Mg8O30(OH)4(OH2)4·8H2O). They present
a needle-like morphology, with an average particle length rang-
ing from 1 to 2 μm and a diameter between 20 and 30 nm.31,32
Table 1. Formulations used in this work
Material ID Filler type
Filler
content
(wt%)
PMMA None 0
1.5%-QAS Quaternary ammonium salt (QAS) 1.5
1.5%-S-LQAS Sepiolite modified with a low amount
of QAS (S-LQAS)
1.5
1.5%-S-HQAS Sepiolite modified with a high amount
of QAS (S-HQAS)
1.5
3%-S-HQAS Sepiolite modified with a high amount
of QAS (S-HQAS)
3
10%-S-HQAS Sepiolite modified with a high amount
of QAS (S-HQAS)
10
The sepiolites used in this work have been modified with a qua-
ternary ammonium salt (QAS). Two types of sepiolites with differ-
ent grade of modification were used: S-LQAS, sepiolite modified
with a low amount of QAS (9.5wt%); and S-HQAS, sepiolite mod-
ified with a higher amount of QAS (20.5wt%, more than twice
that of the other sepiolite). The amount of QAS in each sepiolite
was determined by performing TGA of the modified sepiolites,
the raw salt and the same sepiolites without surface modification.
The process of obtaining andmodifying these particles is detailed
elsewhere.33,34 The raw QAS used for the modification was also
used in this work as a filler to evaluate its effect on the cellular
materials.
Medical-grade carbon dioxide (99.9% purity) was used as the
blowing agent for the gas dissolution foaming experiments.
Solid blend production
A twin-screw extruder,model COLLIN TEACH-LINE ZK 25T, with L/D
equal to 24 and screw diameter equal to 25mm was used to
produce the PMMA/sepiolite nanocomposites. The materials pro-
duced in this work are summarized in Table 1. PMMA was dried in
a vacuum oven at 50 ∘C for at least 12 h before blending, whereas
sepiolites were dried at higher temperature (80 ∘C) also under
vacuum. The temperature profile set on the extruder was from
160 to 200 ∘C in the die, increasing at intervals equal to 10 ∘C.
The screw speed was equal to 40 rpm. The produced blends were
cooled in awater bath andpelletized. After drying the pellets, each
blendwas extrudedagainusing the sameprocessing conditions to
afford a homogeneous dispersion of the particles. During the sec-
ond extrusion, the extruded filament (with a thickness of around
3–4mm) was not pelletized but set aside for the foaming exper-
iments. Cylindrical samples of 30mm in length and 3–4mm in
diameter were cut from the extruded filaments for the foaming
experiments.
Note that pure PMMAwas processed under the same conditions
for comparison purposes. Also, a material with the QAS (but with-
out sepiolites) was produced to analyse its effect on the foaming
behaviour. Rheology measurements, MFI and DSC were used to
validate that the extrusion process did not affect significantly the
morphology and properties of PMMA27,35,36 (see supporting infor-
mation for these results).
Gas dissolution foaming experiments
Foaming experiments were performed using a high-pressure ves-
sel (model PARR 4681) provided by Parr Instrument Company
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Figure 1. (a) Scheme of extrusion process and (b) planes analysed to characterize solid materials and foamed samples.
with a capacity of 1 L, able to operate at maximum temperature
and pressure of 350 ∘C and 41MPa, respectively. Pressure was con-
trolled with a pressure pump controller (model SFT-10) provided
by Supercritical Fluid Technologies Inc. A clamp heater of 1200W
and a CAL 3300 temperature controller allowed the control of the
temperature of the vessel. Foaming experiments were conducted
using a two-step foaming process.37 First, samples were put into
the pressure vessel at a constant CO2 pressure of 10MPa and
at a temperature of 25 ∘C for the saturation stage during 20 h,
enough to achieve saturation of CO2 in the PMMA samples.
38 Then,
the pressure was abruptly released at a pressure drop rate of
15MPa s−1 at the first moments of the pressure drop. Finally, the
samples were removed from the pressure vessel and immediately
after (around 2.5min) introduced into a thermal bathwithwater at
80 ∘C for 1min for the foaming step.
Characterization
Density
The density of the solid materials was measured with a gas
pycnometer (AccuPyc II 1340, Micromeritics). The density of the
cellular materials was determined with the water displacement
method based on the Archimedes principle using a density deter-
mination kit for an AT261 Mettler-Toledo balance. The solid skin
of the cylindrical foamed samples was removed with a polisher
(LaboPOl2-LaboForce3, Struers) bypolishingoffmore than500 μm
of the surface before measuring the densities. Relative density
(𝜌r) is defined as the ratio between the cellular material den-
sity (𝜌) and the density of the solid materials with the same
composition (𝜌s).
Morphology of solids and cellular structure
Samples were cooled in liquid nitrogen and then fractured
for microscopic visualization and coated with gold using a sputter
coater (SCD 005, Balzers Union). The morphology of the samples
was analysed using an environmental SEM instrument (QUANTA
200 FEG). Both solid and cellular materials were fractured in two
perpendicular directions to visualize two planes: the plane parallel
to the extrusion direction (MD, machine direction); and the plane
perpendicular to the extrusion line (TD, transverse direction)
(Fig. 1).
For the solid nanocomposites, the density of nanoparticles was
determined by counting the number of particles (np) in a given
area (Ap). Taking into account that the surfaces analysed come
from a fracture, we assumed that we were only observing half of
the particles that were in this area Ap (the other half would be in
the other fracture surface). Then, the density of nanoparticles (Np)
is calculated according to Eqn (1), where the factor of 2 accounts
for the miscount of particles in the analysis:
Np =
[2np
Ap
]3∕2
(1)
The cellular materials of this work with sepiolites present a
bimodal structure with micrometric and nanometric cells. In a
bimodal cellular structure, the micrometric cells, though smaller
in number, typically occupy a significant volume of the sam-
ple. Then, to quantify the observed bimodality, the relative vol-
ume occupied by the population of nanometric cells, Vnano, is
measured:38
Vnano = 100
At − Am
At
(2)
where Am is the observed area occupied by the micrometric
cells (cell sizes greater than 1 μm) in the SEM images and At
the total area of the image. The resulting two-dimensional area
ratio is equivalent to the three-dimensional volume ratio given
that the surfaces analysed were uniform and random, according
to the Delesse principle in stereology.39,40 In the microcellular
materials without a nanocellular structure (that is, those without
sepiolites), this parameter was not calculated and considered
as zero.
Software based on ImageJ/FIJI was used to characterize the cel-
lular structure of the foamed samples.41 Cell density (Nv) and cell
nucleation density (N0) were determined from the SEM images
using Kumar’s theoretical approximation42 according to Eqns (3)
and (4), where n is the number of cells in the image and A is
the area of the image. For the determination of these param-
eters, all the cells in a given area were taken into considera-
tion, both microcellular and nanocellular, so the cell density was
measured in the same way for the systems with and without
sepiolites.
Nv =
[n
A
]3∕2
(3)
N0 =
Nv
𝜌r
(4)
The software measures the dimensions of each cell in four
directions and then it calculates the cell size of each cell by
averaging the values obtained in the four directions. Once all
the cells are measured, the software provides the distribution of
wileyonlinelibrary.com/journal/pi © 2019 Society of Chemical Industry Polym Int 2019; 68: 1204–1214
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the cell size, from which the average cell size (𝜙) of the sample
and the standard deviation of the cell size distribution, SD, are
calculated. Note that the two-dimensional cell size values were
always corrected to obtain the correct three-dimensional value
by multiplying by 1.273.41 For the microcellular materials (without
sepiolites), all the cells were considered to calculate the average
cell size 𝜙 and SD. For the materials with sepiolites, in which there
is a bimodal structure, only the nanometric cells were counted for
determining these parameters (𝜙, SD and SD/𝜙). The motivation
underlying this analysis is that themajority of cells are nanometric
and the fraction occupied by the micrometric cells is usually small
(10% in volume for some materials). In addition, this work is
focused on characterizing the nanocellular structure. In a previous
work38 we already characterized in detail the two populations of
cells in PMMA/sepiolite systems. The cell sizes of all the materials
were determined in both the MD and TD planes.
In addition, anisotropic nanocellular structures were observed.
To quantify the orientation of the cells, the anisotropy ratio was
measured. Once again, for the microcellular materials, all the cells
were considered in the analysis, whereas for the bimodal systems
with micrometric and nanometric cells only the latter were taken
into account. The anisotropy ratio was determined in the two
planes explained in Fig. 1(b): in the MD plane, ARMD wasmeasured
as the ratio between the cell size observed in the extrusion direc-
tion and the average cell size measured in a direction perpendic-
ular to the extrusion direction (Eqn (5)), whereas in the TD plane,
ARTD was calculated as the ratio between two perpendicular cell
sizes (Eqn (6)) (note that because of the symmetry of the cylindri-
cal filaments, there are nowell-defined directions in the TD plane).
The software provides the distribution of anisotropy ratios, from
which the average anisotropy ratios and the standard deviation of
the distribution can be calculated.
ARMD =
𝜙MD
𝜙TD
(5)
ARTD =
𝜙TD1
𝜙TD2
(6)
Open cell content
Open cell content (OC) of the cellular materials was measured
according to theASTMD6226-10 standardusing agas pycnometer
(AccuPyc II 1340, Micromeritics). The equation to calculate OC is
OC (%) = 100 ×
V − Vp − Vs
V
(
1 − 𝜌r
) (7)
where V is the geometric volume of the sample, Vp is the volume
measured by the pycnometer and Vs is a penalty volume to
account for the exposed cells at the surface of the sample. The
geometric volume was determined from the cellular material
density (measured by the water displacement method) and its
mass (measured with an AT261 Mettler-Toledo balance). Vp was
determined by performing a pressure scan (from 0.02 to 0.13MPa)
in the gas pycnometer and measuring the pycnometric volume
for each pressure. It was assumed that no more gas is able to
enter the interconnected open cells when the measured volume
remains constant for an increase in pressure. Vp was calculated
as the average of these last measured constant volume values.
Note that, as Vs is proportional to the cell size, this value becomes
negligible for microcellular and nanocellular materials.
RESULTS ANDDISCUSSION
Orientation of sepiolites in extruded filaments
In a previous work38 we proved that the addition of sepio-
lites to a PMMA matrix led to both micrometric aggregates and
well-dispersed individual sepiolites. In the present work, micro-
metric aggregateswere alsodetected in the solids containing sepi-
olites, but it was not possible to detect in the same micrograph
both individual particles and aggregates because of their very dif-
ferent scale (nanometric versus micrometric). For the purposes of
this work, we will focus our attention on the well-dispersed sepi-
olites that are, as will be explained later, the final reason for hav-
ing an anisotropic cellular structure. General SEM images of the
nanocomposites and particle aggregates can be found in the sup-
porting information.
Figure 2 shows high-magnification images of the morphology
of the solid materials produced in this work in which the individ-
ual sepiolites can be detected. The images in the top row cor-
respond to the surface perpendicular to the extrusion direction
(TD),whereas thebottomrowpresents theSEMmicrographs taken
in the extrusion plane (MD). The well-dispersed individual par-
ticles can be observed in the SEM micrographs, and moreover,
significant differences are found between the two planes anal-
ysed. In the TD plane (Figs 2(a)–(d)), only the upper extreme of the
particles can be seen in the images. In contrast, in the MD plane
(Figs 2(e)–(h)) the complete needle-like sepiolites are observed,
showing that the particles are aligned in the extrusion direction.
Then, from theSEMqualitative analysiswe conclude that as a result
of the extrusion process, the sepiolites aremainly placed along the
machine direction.
Table 2 summarizes the quantitative analysis of the density of
sepiolites in the two planes considered. Note that the particle
density is smaller in the MD plane due to the needle-like shape
of the sepiolites. Particle densities exceeding 1013 particles cm−3
are measured. Regarding the effect of the different types of par-
ticles, we observe that the material 1.5%-S-LQAS shows a smaller
particle density than 1.5%-S-HQAS, that is, a greater amount of
QAS improves the dispersion of the particles. For the systems with
greater contents of the sepiolite S-HQAS, a larger number of par-
ticles is observed when the content increases. In particular, when
the content is as high as 10wt% (Fig. 2(h)) a high density of par-
ticles is detected (see supporting information for more images of
this nanocomposite).
Effect of modification of sepiolites
Table 3 summarizes the relative density of the cellular materials
produced with the pure PMMA and the composites with 1.5wt%
of different filler types. It is observed that, with the foaming
conditions used in thiswork, the fourmaterials present very similar
densities. Then, the addition of 1.5wt%of theQASor the sepiolites
S-LQAS and S-HQAS does not affect the ability of the PMMA to
expand.
On the other hand, significant variations in the cellular structures
are detected in the SEM micrographs (Fig. 3). The pure polymer
showsamicrocellular structurewith cell sizesof a fewmicrometres.
Although the cell size distribution is heterogeneous, similar struc-
tures are found in both the TD plane (Fig. 3(a)) and the MD plane
(Fig. 3(e)). After the additionof theQAS, the cellular structure varies
appreciably (Figs 3(b) and (f )). A bimodal structure appears, with
the main population of micrometric cells (cells around 3 μm) and
sub-micrometric cells (slightly smaller than 1 μm) among them.
Then, the addition of the QAS has a strong effect on the cellular
structure of PMMA.
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(a) (b) (c) (d)
(e) (f) (g) (h)
Figure 2. SEMmicrographs of solid PMMA/sepiolite nanocomposites: (a, e) 1.5%-S-LQAS; (b, f ) 1.5%-S-HQAS; (c, g) 3%-S-HQAS; (d, h) 10%-S-HQAS. Images
in top row show the TD plane and those in bottom row the MD plane.
Table 2. Density of sepiolites in solid PMMA/sepiolite
nanocomposites
Material
Particle
density TD
(particles cm−3)
Particle
density MD
(particles cm−3)
1.5%-S-LQAS (1.9± 0.5)× 1013 (1.1± 0.1)× 1013
1.5%-S-HQAS (2.4± 0.3)× 1013 (1.3± 0.1)× 1013
3%-S-HQAS (1.0± 0.2)× 1014 (1.8± 0.3)× 1013
10%-S-HQAS (5.0± 2.0)× 1014 (9.7± 0.9)× 1013
To analyse this effect in detail, the cell size distributions of
the PMMA and the material 1.5%-QAS are displayed in Fig. 4.
Figure 4(a) shows that the pure polymer presents a wide but
monomodal distribution of the cell size, with an average cell size
of around 1.8 μm in both TD and MD planes. On the other hand,
in Fig. 4(b) the bimodal structure seen in the SEM images can be
appreciated, with a sharp peak at around 0.5–1 μmandwide peak
at around 3 μm. As a consequence of the larger number of small
cells, the average cell size is belowmicrometric. Once again, the TD
andMDplanes show very similar distributions. Therefore, it can be
concluded that the addition of a QAS induces the appearance of
sub-micrometric cells in the PMMA.
In contrast, the addition of sepiolites modified with this salt
causes a completely different structure. Figures 3(c) and (g) and
Figs 3(d) and (h) show the micrographs of the materials produced
with S-LQASandS-HQAS, respectively. In this case, a bimodal struc-
ture is also observed, but with a small fraction of micrometric cells
and a predominant population of nanometric cells, as seen in the
zoomed images of Figs 3(c) and (g) and Figs 3(d) and (h). We pre-
viously reported38 that added sepiolites modified with a QAS act
as nucleating agents in the gas dissolution foaming of PMMA. It
was suggested that the microcellular pores appear due to micro-
metric sepiolite aggregates, whereas the well-dispersed sepiolites
(as shown in Fig. 2) account for the presence of nanocellular pores.
For these materials, the volume fraction occupied by the nano-
metric cells is high: around 80% for 1.5%-S-LQAS and almost 90%
for 1.5%-S-HQAS (Table 3). If we assume the micrometric pores
are due to particle aggregates, we can conclude that the sepio-
lite S-LQAS was more poorly dispersed than the sepiolite S-HQAS.
This is in agreement with the analysis of the solid nanocomposites
(Table 2). Then, it is plausible to believe that a higher content of
the salt (20.5wt% in S-HQAS versus 9.5wt% in S-LQAS) enhances
the dispersion of the sepiolites.
The cell nucleation density of the four materials of this section
is included in Table 3, in both TD and MD planes. The addition of
QAS increases the cell nucleation density from 5× 1011 to 4× 1012
nuclei cm−3, that is, almost one order of magnitude. Regarding
Table 3. Relative density, volume fraction of nanometric cells and cell nucleation density of cellular materials produced with 1.5wt% of different
filler types
Material Relative density Vnano (%)
Cell nucleation density
TD (nuclei cm−3)
Cell nucleation density
MD (nuclei cm−3)
PMMA 0.30 ± 0.02 0 (4.6± 0.5)× 1011 (5.5± 0.5)× 1011
1.5%-QAS 0.28 ± 0.01 0 (4.2± 0.4)× 1012 (4.8± 0.5)× 1012
1.5%-S-LQAS 0.28 ± 0.01 79 (4.7± 0.9)× 1013 (2.9± 0.3)× 1013
1.5%-S-HQAS 0.27 ± 0.01 88 (9.3± 0.1)× 1013 (4.5± 0.1)× 1013
wileyonlinelibrary.com/journal/pi © 2019 Society of Chemical Industry Polym Int 2019; 68: 1204–1214
1209
Anisotropy in nanocellular polymers www.soci.org
(a) (b) (c) (d)
(e) (f) (g) (h)
Figure 3. SEM micrographs of cellular materials produced with 1.5wt% of different filler types: (a, e) PMMA; (b, f ) 1.5%-QAS; (c, g) 1.5%-S-LQAS; (d, h)
1.5%-S-HQAS. Images in top row show the TD plane and those in bottom row the MD plane.
(a) (b)
Figure 4. Cell size distributions and average cell sizes measured in TD and MD planes of (a) PMMA and (b) 1.5%-QAS.
the effect of the sepiolites, they increase the nucleation even
more, up to 4.7× 1013 nuclei cm−3 for 1.5%-S-LQAS and almost
to 1014 nuclei cm−3 for 1.5%-S-HQAS in the TD plane. The sepio-
lite with the greatest amount of QAS has the strongest nucleat-
ing effect according to the results of Table 3, also in agreement
with the observation of Fig. 3. This result can also be attributed
to a worse dispersion of the sepiolites in the nanocomposite
1.5%-S-LQAS. For the same total amount of particles, more par-
ticles are aggregated in the material with the sepiolite S-LQAS,
resulting in less well-dispersed sepiolites and thus a weaker nucle-
ating effect. The cell nucleation densities reported in Table 3 are
of the same order of magnitude as the particle densities esti-
mated in Table 2, supporting that the well-dispersed particles
are acting as nucleating sites. Regarding the differences between
the two planes, it is observed that for the blends 1.5%-S-LQAS
and 1.5%-S-HQAS, the nucleation in the TD plane is greater than
that in the MD plane. This is because of the different particle
densities in both planes due to the needle-like shape of the
sepiolites.
Regarding the effect of the surfacemodification of the sepiolites
on the cell size, Fig. 5 shows the cell size distribution in the
nanocellular region for the materials with 1.5wt% of S-LQAS and
S-HQAS. It is observed that as a consequence of the higher cell
nucleation density previously reported, 1.5%-S-HQAS presents
smaller cell sizes than 1.5%-S-LQAS in the TD plane, 320 versus
390 nm. Moreover, the cell sizes in the MD plane are higher than
in the TD plane, especially for the system with S-HQAS. This result
implies some anisotropy in the structure that was not detected in
the materials without sepiolites.
In fact, the newest and most interesting finding of this work
is evident when the structures in the TD plane are compared
with those in the MD plane in the materials with sepiolites. In
the plane perpendicular to the extrusion direction, spherically
shaped cells are detected. Meanwhile, in the MD plane, in which
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(a) (b)
Figure 5. Cell size distributions and average cell sizes measured in nanocellular region of TD and MD planes of (a) 1.5%-S-LQAS and (b) 1.5%-S-HQAS.
Figure 6. Anisotropy ratio of cellular materials produced with 1.5wt% of
different filler types measured in TD and MD planes.
the sepiolites were aligned in the extrusion direction in the solids
(bottom row of Fig. 2), cells are elongated along the same direc-
tion (bottom row of Fig. 3). As a result, anisotropic nanocellu-
lar materials are obtained. In contrast, the micrometric cells in
these bimodal materials (low-magnification images in Fig. 3) are
isotropic. Then, the anisotropy is related to the presence of the
well-dispersed sepiolites. Figure 6 shows the anisotropy ratio of
the materials analysed in this section. While the pure PMMA and
the material with QAS show anisotropy ratios close to one in both
planes, nanocomposites with sepiolites present anisotropy ratios
greater than one in the MD direction. In particular, the material
1.5%-S-HQAS presents an average anisotropy ratio as high as 1.88.
Themechanisms underlying this anisotropy are discussed in a later
section.
Effect of content of sepiolites
Table 4 summarizes the relative density of the materials produced
with greater contents of the sepiolite S-HQAS. It is observed than
when the content is as high as 10wt%, the expansion capabil-
ity of the PMMA is reduced and the density of the cellular mate-
rial is increased. The higher densities measured for the material
10%-S-HQAS could be due to the higher viscosity of the polymer
at high particle loads, and also to a decrease of the amount of gas
uptake (it has alreadybeen found that sepiolites donot absorbCO2
during the gas dissolution foaming process38).
Figure 7 shows the cellular structure of thematerials 3%-S-HQAS
and 10%-S-HQAS in the TD plane (top row) and in the MD plane
(bottom row). The sample with 1.5wt% of S-HQAS is also included
in Fig. 7 for the sake of comparison. Once again, these materi-
als with sepiolites show a bimodal structure due to the sepiolite
aggregates. It is evident from Table 4 that whereas the nanocellu-
lar volume fraction in the material with 3wt% of S-HQAS is similar
to that obtained for 1.5wt% of S-HQAS (Table 3), thematerial with
10wt% of particles presents a smaller fraction of nanometric cells.
In addition, there are more micrometric cells in this system. We
conclude that theadditionof 10wt%of sepiolites leads toagreater
aggregation of the particles, so there are more and larger aggre-
gates, causing more and larger micrometric cells (see SEM images
of the nanocomposites in the supporting information). Themicro-
metric cells are isotropic in both planes (Fig. 7). Regarding the
nanocellular structure, it is observed that an increase in the sepio-
lite content leads to a higher cell nucleation density in both planes,
the nucleation density being higher in the TD plane (Table 4). This
is because there aremorewell-dispersednanoparticles as sepiolite
content increases (Table 2). As a consequence of the higher nucle-
ation density, the cell size in the nanocellular region decreases as
particle content increases (Fig. 8(a)). Cell sizes as low as 150 nm
are obtained in the TD plane for the material with 10wt% of
particles.
As already seen in the materials with sepiolites of the previous
section, the nanocellular structure is isotropic in the TD plane and
anisotropic in the MD plane (Figs 7 and 8). This leads to higher
average cell size in the MD plane compared to that measured
in the TD plane (Fig. 8(a)). It is observed that as particle content
increases, the anisotropy ratio slightly increases, from 1.88 at a
particle content of 1.5wt% to 2.15 when the sepiolite content is
10wt%. In addition, the width of the distribution of the anisotropy
of the cells (given by the error bar in Fig. 8(b)) also increases as
particle content does, meaning that more cells are anisotropic for
higher particle contents. The anisotropy ratiodistributionsof these
three materials are shown in Fig. 9, supporting these results. As
particle content increases, the distribution of anisotropy of the
cells becomes wider. The mechanisms underlying the anisotropy
appearance and its dependence on the type of sepiolite and its
content are discussed in the next section.
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Table 4. Relative density, volume fraction of nanometric cells and cell nucleation density of cellular materials produced with different contents of
S-HQAS
Material Relative density Vnano (%)
Cell nucleation density
TD (nuclei cm−3)
Cell nucleation density
MD (nuclei cm−3)
3%-S-HQAS 0.29 ± 0.01 87 (1.1± 0.5)× 1014 (4.5± 0.1)× 1013
10%-S-HQAS 0.40 ± 0.02 66 (1.4± 0.8)× 1014 (4.6± 0.2)× 1013
(a) (b) (c)
(d) (e) (f)
Figure 7. SEM micrographs of cellular materials produced with various contents of S-HQAS: (a, d) 1.5%-S-HQAS; (b, e) 3%-S-HQAS; (c, f ) 10%-S-HQAS.
Images in top row show the TD plane and those in bottom row the MD plane.
Discussion: mechanisms of anisotropy formation
Several works27–30,43 claim that anisotropic cellular structures can
be a result of a preferable growth of the cells in a certain direction.
To evaluate if this was the reason underlying the anisotropy
observed in thematerials of the presentwork, the expansion ratios
in different directions of the cellular materials weremeasured. The
expansion ratio in theTDdirection, ERTD,was calculatedas the ratio
between the final diameter of the cellular material and the initial
diameter of the solid precursor, whereas the expansion ratio in the
MD plane, ERMD, was determined as the ratio between the final
and the initial lengths. Table 5 summarizes the expansion ratios
of all the materials produced in this work in both directions. For
all the materials, most of the expansion occurs in the TD plane,
that is, in the direction perpendicular to the extrusion direction
and opposite to the anisotropy observed. This effect occurs for
all materials regardless of the filler type and content, so it is an
effect related to the morphology of the polymer matrix. During
the extrusion process the polymer is stretched in the extrusion
direction, and thus internal tensions (molecular orientation in
the extrusion direction) must remain within the solid samples.
Then, when the polymer has enoughmobility during the foaming
process, the tendency is to relax those tensions by growing in the
radial direction. The results of Table 5 indicate that the growth
direction is not the mechanism of anisotropy formation. In fact,
the samples without sepiolites (PMMA and 1.5%-QAS) presented
an anisotropy ratio slightly smaller than 1 in the MD direction
(Fig. 6), supporting that the cell growth takes place mostly in the
TD direction.
The mechanism we propose to explain the anisotropy is related
to a particular effect of the presence of the sepiolites during
the growth of the cells. We have observed that the individual
sepiolites are in the middle of the cells, both particle and cell
elongated in the same direction (Fig. 10). So one possible ratio-
nale to explain the anisotropy might be that the cells grow
around the sepiolite, which has an elongated shape, and thus
the cells are anisotropic. On the other hand, it is also observed
that some sepiolites appear between two cells that have been
joined to one (red arrows in Fig. 10). Then, sepiolites could be
acting as weak points for cell wall rupture, causing coalescence
in the direction of the sepiolite, and then provoking the resultant
cells to be anisotropic. This mechanism is schematically explained
in Fig. 11.
To further investigate this hypothesis, the open cell content was
measured and plotted against the anisotropy ratio (Fig. 12(a)). It is
observed that a higher open cell content is measured in the sam-
pleswith S-HQAS, those that presented higher anisotropy ratios. In
fact, the materials with more particles, 3 and 10wt%, show open
cell contents of 100%, that is, a completely open structure. These
results support the idea that some cell wall rupture is taking place
in these systems.
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(a) (b)
Figure 8. (a) Average cell size and (b) anisotropy ratio measured in nanocellular region of TD and MD planes of cellular materials produced with various
contents of S-HQAS.
(a) (b) (c)
Figure 9. Anisotropy ratio distributions and average anisotropymeasured in nanocellular region of TD andMD planes of cellular materials producedwith
various contents of S-HQAS: (a) 1.5%-S-HQAS; (b) 3%-S-HQAS; (c) 10%-S-HQAS.
Table 5. Expansion ratio in TD and the MD directions for all cellular
materials produced
Material ID ERTD ERMD
PMMA 1.58 1.43
1.5%-QAS 1.64 1.44
1.5%-S-LQAS 1.66 1.44
1.5%-S-HQAS 1.65 1.46
3%-S-HQAS 1.64 1.37
10%-S-HQAS 1.53 1.11
The different anisotropy ratios found in the materials of this
work can then be correlated with the number of well-dispersed
sepiolites in each material. As the number of sepiolites increases,
the distance between particles decreases, and then it ismore likely
that twoormore sepiolites are aligned and a very anisotropic cell is
formedaround them. Thenumber of sepiolites is somehow related
to the cell nucleation density (assuming one particle produces
one cell). Then, the cell nucleation density has been plotted as a
function of the anisotropy ratio (Fig. 12(b)), showing this idea that
a greater number of particles (higher nucleation densities) yields
a greater anisotropy ratio. Therefore, controlling the number and
dispersion of sepiolites is a tool for controlling the anisotropy ratio
in these systems.
CONCLUSIONS
Anisotropic nanocellular polymers based on PMMA with
needle-like sepiolites have been produced using a two-step
gas dissolution foaming method. Anisotropy ratios from 1.38
to as high as 2.15 are obtained as a result of the addition of the
nanoparticles.
Solid materials were produced using a twin-screw extruder, and
the filaments from the extrusion were used as precursors for the
solid-state foaming process. The morphology of the solid samples
reveals that the extrusion process aligns the sepiolites in the
extrusion direction.
Results show that the addition of 1.5wt% of a QAS has an
effect on the cellular structure of microcellular PMMA, leading
to an increase of the nucleation density of one order of magni-
tude and a slight reduction of the average cell size. On the other
hand, the addition of the same content of sepiolites modified
with this salt is even more significant, increasing the nucleation
density above the 1013 nuclei cm−3 and leading to the appear-
ance of a bimodal structure with a predominance of nanometric
pores. In particular, between the two sepiolites used in this work,
that with the greatest amount of QAS has the strongest nucleat-
ing effect, due to a better dispersion of the particles in the solid
material. In addition, it is observed that whereas the pure PMMA
and the blendwith QAS are isotropic, the cellular nanocomposites
with sepiolites are highly anisotropic in the plane parallel to the
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(a) (b)
Figure 10. Examples of SEMmicrographs of MD plane of sample 3%-S-HQAS, showing in detail the sepiolites in the cells.
(a) (b) (c) (d)
Figure 11. Scheme of the mechanism of anisotropy formation during foaming process: (a) solid material with sepiolites; (b) nucleation on edges of
sepiolites; (c) growth of cells; (d) coalescence in sepiolites and appearance of anisotropy.
extrusion direction (and isotropic in the transverse plane). More-
over, increasing the sepiolite content from 1.5 to 3 and 10wt%
increases evenmore the anisotropy observed in thesematerials, at
the same time as the nucleation density increases and the cell size
decreases.
After analysing the expansion ratio of the materials, it is con-
cluded that the anisotropy is not a consequence of a preferable
expansion during the growth of the cells. Instead, a mechanism
based on cell coalescence is proposed as being responsible for
the formation of anisotropic cells. The needle-like particles act as
most likely spots for cell wall rupture, and as they are aligned in
the machine direction, cells break and join in that direction, caus-
ing an overall anisotropic structure. This hypothesis is supported
by open cell measurements. Also, the different anisotropy ratios
found in the various nanocomposites can be correlated with the
density of well-dispersed sepiolites.
(a) (b)
Figure 12. (a) Open cell content and (b) cell nucleation density in MD plane as a function of anisotropy ratio in the MD plane for all materials produced in
this work.
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